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The two-dimensional metal forming at the interface between an oxide insulator and SrTiO3 pro-
vides new opportunities for oxide electronics. However, the quantum Hall effect, one of the most
fascinating effects of electrons confined in two dimensions, remains underexplored at these complex
oxide heterointerfaces. Here, we report the experimental observation of quantized Hall resistance in
a SrTiO3 heterointerface based on the modulation-doped amorphous-LaAlO3/SrTiO3 heterostruc-
ture, which exhibits both high electron mobility exceeding 10,000 cm2/V s and low carrier density on
the order of ∼1012 cm−2. Along with unambiguous Shubnikov–de Haas oscillations, the spacing of
the quantized Hall resistance suggests that the interface is comprised of a single quantum well with
ten parallel conducting two-dimensional sub-bands. This provides new insight into the electronic
structure of conducting oxide interfaces and represents an important step towards designing and
understanding advanced oxide devices.
The quantum Hall effect (QHE), arises from quanti-
zation of the cyclotron motion of charge carriers sub-
jected to a perpendicular magnetic field. The cyclotron
motion becomes quantized when electrons complete en-
closed orbits without being scattered, and the observa-
tion of the QHE therefore requires materials with high
carrier mobility. Consequently, it has only been ob-
served in a few material systems such as semiconduc-
tor heterostructures based on silicon [1] or III-V com-
pounds [2], Bi2Se3 [3] and graphene [4]. Recent technical
advances in the growth of oxides have resulted in the
creation of high-mobility two-dimensional electron gases
(2-DEGs) at heterointerfaces based on either ZnO [5, 6]
or SrTiO3 (STO) [7, 8]. Remarkably, the mobility en-
hancement made in polar MgZnO/ZnO heterostructures
has led to the observation of both integer and fractional
QHE [5, 6, 9]. The conducting states of ZnO-based het-
erostructures are, however, similar to the conventional
semiconductor heterostructures, derived from sp hybrid
orbitals with a covalent bond nature. In contrast, the in-
terface conductivity in STO-based heterostructures orig-
inates from less overlapping Ti 3d orbitals, where the re-
sulting ionic bonds lead to a strong coupling between the
lattice, charge and spin degrees of freedom. The strong
electronic correlations give rise to a variety of properties,
such as gate-tunable superconductivity, magnetism, and
tunable metal-insulator transitions [10–14], which has
generated particular interest in STO-based heterostruc-
tures [15].
The metallic conductivity of STO-based heterostruc-
tures originates from degenerate Ti 3d t2g levels [16–
19] with the orbital occupation strongly depending on
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FIG. 1. a, Optical microscopy image of the Hall bar device
where the electrostatic doping is controlled by a sample-wide
back gate (Vg). b, Rxx and Rxy as a function of magnetic
field (B) normal to the sample surface. The vertical dashed
lines correspond to minima in dRxy/dB.
the carrier density. Below a threshold carrier den-
sity of 1.7×1013 cm−2 in the intensively investigated
LaAlO3/SrTiO3 (LAO/STO) interface [20], electrons are
confined within a thin sheet of STO in Ti 3dxy levels
that are characterized by strong coupling parallel to the
interface. Above this threshold density, electrons be-
gin to populate the 3dxz/yz levels, which extend further
away from the interface and add out-of-plane coupling to
the electronic system [21]. The Fermi surfaces of STO-
based heterointerfaces have been probed by Shubnikov–
de Haas (SdH) oscillations in the longitudinal resistance,
Rxx [8, 22–26]. Notably, the carrier density deduced
from SdH oscillations, nSdHs , is often more than 1 or-
der of magnitude lower than that obtained by the Hall
effect, nHalls . This discrepancy has been ascribed to the
hypothesis that only a small fraction of the carriers con-
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2tributes to the SdH oscillations [8, 22–26]. Although the
two-dimensional nature of the interface conductivity is
demonstrated by the dependence of the SdH oscillations
on magnetic field tilt angle, only a few studies report
plateaulike structures in the Hall resistance, Rxy [24, 25].
Full analysis of the quantizationlike Hall resistance in
these studies was, however, difficult due to irregular SdH
oscillation spectra [24, 25]. Consequently, a clear QHE
with well-defined quantized Hall plateaus coinciding with
SdH oscillation minima remains undemonstrated at com-
plex oxide interfaces. Here, we report unambiguous ex-
perimental observation of quantized Hall resistance in
complex oxides (see Fig. 1b). Remarkably, the inverse
Hall resistance (R−1xy ) is found to be regularly spaced for
all plateaus following the relation ∆R−1xy = ηN∆ν
e2
h , with
h being Planck’s constant, e the electron charge, ∆ν the
filling factor step, N a scaling factor equaling 10, and
η = 1.0± 0.2. This manifestation of the QHE is different
from what is usually observed in conventional semicon-
ductors, MgZnO/ZnO or other two-dimensional materi-
als [1–6, 9], highlighting the exotic nature and potential
opportunities of complex oxide devices. As will become
clear later, our results are consistent with the oxide in-
terface being comprised of a single quantum well hosting
ten parallel conducting Ti 3dxy sub-bands, which is in
contrast to the usual situation in LAO/STO for nHalls >
1.7×1013 cm−2 where all t2g levels (Ti 3dxy and 3dxz/yz
sub-bands) are occupied.
The modulation-doped oxide interface is realized by
inserting a La7/8Sr1/8MnO3 (LSM) spacer layer at the
interface between amorphous LAO (a-LAO) and the crys-
talline STO substrate (a-LAO/LSM/STO) [27]. A Hall
bar device is fabricated (see Fig. 1a) by conventional
electron-beam lithography and an oxide hard mask of a-
LSM [28] rather than a-LAO [29]. Standard ac lock-in
measurements (Iac = 10 nA, fac = 77.03 Hz) are per-
formed in a dilution refrigerator at temperatures between
30 mK and 3 K, back gate potentials (Vg) between −5
and 10 V, and magnetic fields between 0 and 12 T. Sam-
ple rotation between 0◦ and ∼82◦ is achieved by a piezo-
electric rotator. SdH oscillations are fitted by the an-
alytical expression from Coleridge et al. [30]. Density
functional theory-based tight binding (DFT-TB) calcu-
lations follow the approach outlined by Zhong et al. [31].
The Hall bar device shows metallic conductivity similar
to the unpatterned interface [27] with a carrier density
nHalls = 1/(eRH) ∼5.6×1012 cm−2, where RH = dRxy/dB
is the Hall coefficient, and a Hall carrier mobility, µHall
= 1/(e·nHalls ·Rxx) ∼8,703 cm2/V s, at 2 K and Vg = 0
V. This mobility is among the highest reported values
for patterned complex oxide interfaces, which is typically
below ∼1000 cm2/V s at 2 K [29, 32]. Importantly, such
an enhanced mobility, along with a low carrier density,
enables us to observe the quantization of Hall resistance.
Note that Rxx(B) ∼ Rxx(−B) and Rxy(B) ∼ −Rxy(−B)
T (K)
∆R
xx
(T
)/∆
R
xx
(3
0 
m
K
)
0 0.5 1 1.5 2 2.5 3
0
0.2
0.4
0.6
0.8
1
0.1 0.15 0.2 0.25 0.3
−20
−10
0
10
20
1/B (T−1)
∆R
xx
 (Ω
/s
q)
f1 = 0.040 T−1
f2 = 0.078 T−1
a b
d
0.1
0.2
0.3
0.4
B (T)
R
xx
 (k
Ω
/s
q)
0 2 4 6 8 10 12
0
0.5
1
1.5
R
xy
 (k
Ω
)
c
1/B (T−1)
ln
(∆
R
xx
si
nh
(α
T)
/4
R
xx
,0
α
T)
0.1 0.15 0.2 0.25 0.3
−14
−10
−6
−2
0.03
0.15
0.2
0.1
0.3
0.4
0.5
0.6
0.7
1.28±0.02
1.09±0.01
1.12±0.03
1.38±0.01
1.40±0.04
1.03±0.01
1.40±0.03
m* (me)
µq = 2350±150 cm
2/Vs
τq = 1.7 ps
T (K)
0.94
0.98
1.02
R
xy
 (k
Ω
/s
q)
8.4 8.8 9.2
B (T)
Vg = 0 V
T = 30 mK to 3 K
30 mK
3 K 30 mK
3 K
FIG. 2. a, Rxx and Rxy as a function of B normal to the sam-
ple surface. The vertical dashed lines correspond to minima
in dRxy/dB at 30 mK. b, Temperature dependence of ∆Rxx
as a function of 1/B. Vertical dashed lines correspond to the
position of oscillation extrema in ∆Rxx at 30 mK. c, Extrac-
tion of carrier effective mass (m∗). d, Dingle plots for T = 30
mK to 0.7 K.
[Supplemental Material (SM) Fig. S1]: therefore, the
subsequent measurements only concern positive magnetic
field direction. In order to examine the Fermi surface of
the system based on our initial observation of the SdH
oscillations [27], we further investigated the dependence
of Rxx(B) and Rxy(B) on temperature, magnetic field
tilt angle, and Vg.
Figure 2a shows the temperature dependence of
Rxx(B) and Rxy(B) for Vg = 0 V and Fig. 2b shows Rxx
subtracted a background (SM Fig. S2), ∆Rxx, as a func-
tion of 1/B for different temperatures. The amplitudes
of the SdH oscillations clearly reduce upon heating and
the carrier effective mass, m∗, is extracted by fitting the
temperature dependent term in the Ando relation [33]:
∆Rxx(T )/∆Rxx(T0) = T sinh(αT0)/T0sinh(αT ), where
T0 = 30 mK, α = 2pi
2kB/h¯ωc, ωc = eB/m
∗, and kB is the
Boltzmann constant (Fig. 2c). The effective mass, m∗, is
found to be between 1.03 and 1.40 me, similar to typical
values reported for all-crystalline LAO/STO interfaces
[22–24]. Also apparent in Fig. 2b are two different 1/B
frequencies, f1 = 0.040 T
−1 and f2 = 0.078 T−1 differing
by a factor of ∼2 consistent with a transition from an ap-
parent spin degenerate to a fully spin resolved electronic
system at B ≈ 6 T (SM Fig. S3). Note that this apparent
spin degeneracy is different from that found in conven-
tional semiconductors due to the much larger effective
mass in oxides leading to a Landau level (LL) splitting,
h¯ωc, comparable with the Zeeman splitting, gµBB (g is
the g factor and µB the Bohr magneton). Using a g fac-
tor [34, 35] of 2, the Zeeman and LL splitting energies
(for m∗ = 1.30 me) at B = 6 T become 0.70 and 0.54
meV, respectively. In this case, the intrinsic spin degen-
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at different Hall plateaus.
eracy should be lifted at all fields where SdH oscillations
are observed. However, at low magnetic fields, an appar-
ent spin degeneracy occurs when the spin-down part of
LL n overlaps with the spin-up part of LL n + 1 (SM
Fig. S3). Thus, the system becomes spin resolved only at
fields above ∼6 T. For a spin resolved electronic system
without valley degeneracy, this leads to a nSdHs = e/(f1h)
∼5.9×1011 cm−2, which remarkably is ∼10 times lower
than nHalls similar to other STO-based interfaces [8, 22–
26]. The quantum mobility, µq, is extracted in Fig. 2d
by plotting the 1/B dependency of the absolute reduc-
tion of the oscillation amplitude using the Dingle formula
[30]: ln[(∆Rxx(B)sinh(αT ))/(4Rxx(B=0T)αT )], where
α = 2pi2kB/h¯ωc, ωc = eB/m
∗, and Rxx(B=0T) = 128
Ω/sq. These Dingle plots reveal a µq of ∼2350 cm2/V s
(see Fig. 2d). This quantum mobility is approximately
1 order of magnitude higher than that for all-crystalline
LAO/STO interfaces [22–24], and comparable to that in
the spinel/perovskite γ-Al2O3/SrTiO3 interface [8].
When tilting the magnetic field angle the oscillation
amplitudes decrease rapidly with the SdH oscillations al-
most disappearing at angles above ∼40◦, consistent with
the electronic system being strongly confined at the in-
terface (SM Figs. S4 and S5).
The Rxx(B) and Rxy(B) traces change significantly as
Vg is varied from −5 to 10 V (see Figs. 3a and 3b).
Specifically, nHalls changes from 3.0×1012 to 7.8×1012
cm−2 and µHall from 5760 to 11,416 cm2/V s for Vg =
−5 V to 10 V (SM Figs. S6a and S6b). For the dif-
ferent Vg, ∆Rxx shows clear oscillations with a 1/B pe-
riodicity (see Fig. 3c) and extracting the spin resolved
SdH oscillation frequency for the different Vg results in
nSdHs changing from ∼3.8×1011 cm−2 to 8.5×1011 cm−2
for Vg = −5 to 10 V (SM Fig. S6c). Notably, nHalls
remains ∼10·nSdHs in the full range of investigated Vg
(SM Fig. S6d). Remarkably, the Hall resistance devel-
ops a steplike behavior with well-defined quantum Hall
plateaus upon increasing Vg (see Fig. 3b). All Hall re-
sistance plateaus, chosen to be at the minimum position
of dRxy/dB, coincide with minima in Rxx and Fig. 3d
shows the value of 1/Rxy at the plateaus in units of e
2/h
as a function of Vg. Strikingly, R
−1
xy does not appear to
assume integer values of e2/h different from QHE in the
conventional semiconductor quantum well comprising a
single band where R−1xy = ν
e2
h (SM, Sec. 1). Moreover,
R−1xy for the same plateau varies as a function of Vg, con-
trary to the case in conventional semiconductors where it
remains constant [1]. The plateaus, however, appear reg-
ularly spaced for all Vg with either ∆R
−1
xy ∼10±2 e2/h
or ∆R−1xy ∼20±2 e2/h for B > 6 T and B < 6 T, re-
spectively. Assuming a spin resolved or apparent spin
degenerate situation where ∆ν = 1 or 2, respectively, the
inverse Hall resistance at plateaus is spaced by ∆R−1xy =
ηN∆ν e
2
h , where N = 10 and η = 1.0±0.2. The overall
linearity of the Hall resistance and the relative flatness
of the Hall plateaus at high Vg and magnetic field sug-
gest that the contribution from a low-mobility parallel
conducting channel is negligible. And indeed, the scaling
factor ηN ∼ 10±2 remains the same when considering
the contribution from a low-mobility parallel conduct-
ing channel [36, 37] not in the SdH regime (SM, Figs.
S7–S9). Xie et al. observed quantizationlike Hall re-
sistance at the LAO/STO interface [24] with a spacing
that scaled with N ∼4. This was explained by a break-
ing of the fundamental band symmetry through magnetic
breakdown orbits; however, this explanation cannot ac-
count for a scaling factor of ηN ∼ 10±2 observed here.
A consistent description of the data, however, appears
if we recognize that the modulation-doped oxide inter-
face may consist of multiple parallel conducting channels
that collectively give rise to a combined QHE [3, 38].
For instance, conduction through highly doped Bi2Se3
occurs through multiple quantum wells, and gives rise
to quantized Hall resistance plateaus with R−1xy = ηN ν
e2
h
where η = 1.0±0.2 and N is the number of quantum wells
[3]. However, in that case the quantum wells are almost
uncoupled with identical charge carrier densities and al-
most behave like a classic Kronig-Penney model. On the
other hand, due to band bending in STO, the charge
carrier density in our parallel electronic channels is ex-
pected to vary across the different channels [17, 18, 39]
and the R−1xy quantization is not expected to assume in-
teger values of e
2
h . This is a consequence of the measured
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values from the fit shown in parenthesis. c,d, The fitted charge
carrier densities (ni) for the ten parallel channels.
filling factor, ν(B), being an average of the filling fac-
tors of each channel, νi(B), which take integer values at
different B fields owing to their different carrier densi-
ties. Furthermore, the different νi(B) likewise explain
why well-defined plateaus are only observed for certain
carrier density combinations where νi(B) are near mul-
tiples of each other (SM, Sec. S1). However, the step
size, ∆R−1xy , between plateaus is expected to take integer
values of N e
2
h (SM, Sec. S1) where N is the number of
parallel conducting channels.
In order to quantitatively address whether such paral-
lel electronic channels with varying charge carrier density
can account for the observed Rxx oscillations and Rxy
plateaus, the data are fitted (SM, Sec. S2 and Figs. S10
and S11) by summing contributions from N = 10 par-
allel conducting channels that are either apparent spin
degenerate (for B<6 T) or spin resolved (for B>6 T).
Here, the analytical expression for Rxx,i oscillations of
each channel (i=1,2,3,...,10) with charge carrier density
ni is given by [30]
Rxx,i(B) =
m∗i
nie2τ0,i
×
[
1− 4e−pi/ωc,iτq,i 2pi
2kBT/h¯ωc,i
sinh(2pi2kBT/h¯ωc,i)
cos
(
2pi
hni
2eB
)]
.
For Vg = 0 and 6 V (see Figs. 4a and 4b), there is an ex-
cellent agreement between the measured Rxx oscillations
subtracted a magnetoresistance background and the cal-
culated Rxx traces with fitted values of ni as illustrated
in Figs. 4c and 4d. Furthermore, R−1xy calculated using
the fitted charge carrier densities agrees well with the
measured plateau values for both Vg = 0 and 6 V (Figs.
4a and 4b). Importantly, the obtained set of charge car-
rier densities consistently predicts not only the observed
∆R−1xy steps of ∼10±2 e2/h or ∆R−1xy ∼20±2 e2/h but
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also the unconventional R−1xy variation observed in Fig.
3d for the two Vg considered. Ultimately, we believe
that this physical picture is representable for the entire
gate-voltage range investigated, i.e., that the ten paral-
lel conducting electronic channels are responsible for the
observed Rxx oscillations and Rxy plateaus from Vg =
−5 to 10 V. In other words, the modulation-doped ox-
ide interface consists of multiple parallel conducting two-
dimensional channels with similar effective mass, Hall
mobility, and quantum mobility, whereas the charge car-
rier density of different channels varies greatly. Upon
application of an electric field all channels populate (de-
plete) concurrently with the same normalized gate de-
pendence
(
dni
dVg
1
ni
)
. Moreover, the number of channels is
expected to increase (decrease) when the electronic sys-
tem is populated/depleted sufficiently beyond the inves-
tigated gate-voltage range of Vg = −5 to 10 V and will
be the subject of future studies. This physical picture
is consistent with recent experiments on strongly carrier
depleted LAO/STO [40].
To further understand the nature of the parallel con-
ducting channels, DFT-TB calculations are performed
considering a wedge-shaped triangular quantum well
(SM, Sec. S3). Figure 5a shows the obtained charge car-
rier dispersions for Vg = 0 and 6 V (left and right pan-
els, respectively). These calculations support, for both
Vg = 0 and 6 V, the existence of ten occupied Ti 3dxy
sub-bands that have similar effective mass, Hall mobil-
ity, and quantum mobility, and calculated charge carrier
densities that are consistent with the experimental data
(see Figs. 4c and d). Therefore, our modulation-doped
5oxide interface, a single quantum well with multiple oc-
cupied Ti 3dxy sub-bands (see Fig. 5c), is quite differ-
ent from what is found in the canonical LAO/STO in-
terface, for nHalls > 1.7×1013 cm−2 where all t2g levels
(both Ti 3dxy and 3dxz/yz sub-bands) are usually occu-
pied in the quantum well (see Figs. 5b and 5c). This
difference is caused by a much lower carrier density in
a-LAO/LSM/STO compared to LAO/STO due to the
LSM spacer layer in the former case acting as an electron
acceptor [27]. With a reduced carrier density of ∼1012
cm−2 in a-LAO/LSM/STO, the slope of the confining
potential is consequently much lower, resulting in a shal-
lower well compared to other STO-based systems such as
LAO/STO (see Fig. 5c). With the prevailing population
of 3dxy sub-bands, the Rashba spin-orbital interaction is
expected to be much weaker in our modulation-doped in-
terface compared to the LAO/STO interface with orbital-
mixing character [41]. Importantly, the multiple par-
allel conducting two-dimensional sub-bands differentiate
complex oxides, particularly our modulation-doped ox-
ide interface, from conventional semiconductor 2-DEGs
with the potential of exploring unusual and exotic physics
based on STO.
In summary, we present the observation of quantized
Hall resistance with integer step size in two-dimensional
conducting complex oxide interfaces based on the pat-
terned a-LAO/LSM/STO structure, revealing that the
complex oxide interface consists of a single quantum well
with multiple parallel Ti 3dxy sub-bands. Importantly, as
the electrons are confined in STO, the multiple-subband
physical picture is expected to be a common feature of
all STO-based conducting systems. This insight paves
the way for demonstrating new physics in devices based
on complex oxide interfaces.
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